A description is given of some properties of the corona discharge when propagating over a cylindrical polytetrafluoroethylene insulator surface placed along the axis of a rod-plane electrode arrangement. A scanning electrostatic probe has been used to measure the density of charge deposited on the surface; it is shown that the total net deposited charge is small compared with the total charge injected into the gap.
INTRODUCTION
T IS well known that under a given electric along an insulator surface is greater than it is in the gas in which it is immersed. The problem is overcome by the use of convoluted surfaces, but information on the prebreakdown and breakdown processes over the surface itself is sparse. Recent work at UMlST has characterised the behaviour of streamers in the absence of space charge in air when passing over a surface [1,21. The more practical case of a pre-breakdown corona in air, where development is influenced very significantly by space charge fields set up by the assembly of streamers,-is now addressed. The present paper forms the first part of a study of the effects of insulators and their profiles on corona and flashover.
An earlier study [31 has concluded that the attachment of electrons to the surface in the formative avalan.ches of streamer corona makes important modifications to the growth process and results in a reduction in the total charge generated in the corona. However, measurements of the net charge actually deposited on the surface were not made, so that an assessment of the relative importance of the effects of the charge in encouraging more rapid growth (corresponding to the higher peak currents actually measured) or in distorting the applied field could not be made.
The present work aims to progress a step further by measurement of the deposited charge on a smooth polyte-I stress, the path length required to withstand flashover trafluoroethylene (PTFE) surface after the passage of a corona charge over the surface in air. Using a recently developed robotic technique [4, 5] a specimen is scanned by an electrostatic probe to yield absolute values, with their distribution, of the net charge density on the surface. The limit of resolution of 1 mm has been shown to be sufficiently small that individual streamers can be distinguished and their charge density and width determined [6] . The measurement technique has been extended by the combination of -spatially resolved photomultiplier detection of corona light output, with current and voltage records.
The work has been confined to a short rod-plane geometry, where the corona consists of streamers only with no tendency to leader formation. Comparison has been made throughout with corona in air in the same geometry.
EXPERIMENTAL TECHNIQUE
The corona charges were produced in a simple rodplane electrode gap in which three rod diameters, 6.4 mm, 3.15 mm and 1.06 mm were used. The rods were separated from the plane, of diameter 300 mm, by a vertical gap of 95 mm (6.4 mm rod) or 80 mm (3.15 mm and 1.06 mm rods). Each rod was hemispherically-ended and was placed, in turn, in contact with the surface of a 40 mm diameter, 100 mm long PTFE solid cylinder, machined smooth hut with no further mechanical treatment ( Figure   1 
).
A positive impulse voltage rising to peak in about 2 p s and declining to half-value in either 63 ps or 41 ps was produced by a small impulse. generator providing peak voltages up to 85 kV. This was applied to the rod elec- trode. The plane was connected to earth by way of a 70 shunt resistance used for measurement of corona current.
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Corona development was monitored also by three identical photomultipliers, with vertical fields of view limited hy slits to -3 mm. These were directed respectively to the tip of the rod, to a point 20 mm below the tip and to the 
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Time ("seconds) -0 5 plane as in Figure 1 . Signals from the photomultipliers and from the current measuring shunt were displayed together on a four-channel oscilloscope of bandwidth 400 MHz.
The patterns of charge deposited on the surface were recorded by the scanning technique described elsewhere El. For this purpose, the cylinder was carefully removed from the rod-plane system and placed on a rotating platform. The electrostatic probe, of diameter 0.56 mm was brought to a distance 1 mm from the surface and, by means of computer controlled stepper motor drives, scanned horizontally over complete 360" paths as the cylinder was rotated ( Figure 2 ). The probe was reset 1 mm lower after each revolution of the platform until the Full length of the cylinder had been traversed. The response was then stored by a personal computer ( P O and displayed, as required; an example is shown in Figure 3 .
After scanning, a dust figure was obtained for comparison, by sprinkling photocopy toner powder on to the PTFE and then imaging sections in turn using a standard commercial scanner. A result is shown in Figure 3a , which is of the same specimen as that of Figure 3b , derived from the electrostatic probe. The ends of the streamer trails, with net positive charge > 4~C m -~ are clearly visible and can be seen to correspond closely in both images.
The interaction between corona charges and the PTFE surface could be judged only by a comparison with corona charges in air without the PTFE insulator which thus provided a reference. Therefore, all the experiments with the insulator, reported below, were paralleled by similar tests made in air alone, in which corona current and light output were monitored in the same way. An example of the oscillograms of current and of light output recorded by the three photomultipliers, is shown in Figure 4 for a corona in air. The differences between the times of appearance of light in the photomultiplier fields of view enabled estimates of streamer propagation velocity to he made.
The corona current pulse shape was changed significantly by the presence of the insulating surface. Figure 5 shows the nature of this change; an increased decay rate in the presence of the PTFE surface is evident. The insulator had smaller effects on the photomultiplier profiles, probably because much of the decay phase was due to afterglow radiation in the surrounding air.
Peak current in air is plotted against instantaneous voltage in Figure 6 . For the 6.4 mm rod, currents obtained over a large number of trials appear to separate into two main groups; it is believed that this was due to the existence of two sites for corona initiation.
The initial streamer velocities were measured from the photomultiplier signals received from the rod tip and a point 20 mm. below the tip. When plotted against peak current, Figure These characteristics in air formed an important reference against which surface corona could he compared. Corresponding measurements were made with corona produced at the three rods which were placed in contact with the surface. Figures   9 and 10, respectively. Scatter was much greater than in the case of air; where earlier initiation occurred, peak currents were also lower. Nevertheless, comparison with those in air shows a tendency for velocities to he slightly higher at a given current. The injected charge is plotted as a function of peak current in Figure 11 charge. Photomultiplier signals obtained with the first three shots are shown in Figure 12 where the light outputs, after the first corona, are seen to be significantly reduced in amplitude.
Plots of peak current versus instantaneous voltage and of initial velocity versus peak current are shown in
SURFACE CHARGE DISTRIBUTION
The scanning technique for measurement of net surface charge density has been described elsewhere 151. An example scan of a single corona over the PTFE surface is shown in Figure 3b where the 6.4 mm diameter rod was in contact with the insulator. In this figure, the full circumference of the cylindrical specimen is spread out as the width of the two:dimensional diagram. The tip of the rod was located at the mid-point of the upper horizontal edge. The peak impulse voltage was 63 kV. Streamers reached almost to the plane, which was 95 mm distant from the rod and extended laterally round the cylindrical surface on each side, approaching to within 10 mm of each other at the opposite side. The scan clearly shows regions of net positive charge, from a peak of the order 8 pCm-' at the streamer tips extending backwards along the trails, reducing in net charge density and in width, over a length of about 10 mm. A region of net negative charge was evident around the point of contact with the rod. The total net charge measured over the whole surface was -0.93 nC; the measured negative and positive components were respectively -2.33 nC and + 1.46 nC. The dust figure of the same event, given for comparison in Figure 3% shows agreement with the scan, with a region of moderate net negative charge centred about 2 cm from the veri dense net negative charge around the point of contact of the rod. The total injected charge was 66 nC. Thus, the net charge detected on the surface was small compared with the injected charge. Table 1 shows data from a series of tests with the same rod. The current, initial velocity and injected charge (integral of current) are given as a function of the instantaneous voltage. These are compared with the total net charge detected on the surface and with the total!$ of the net positive and net negative charge components. The net surface charges remain almost unchanged with increasing injected charge and are always small compared with the latter. There was tendency for the negative component to increase at higher instantaneous voltages resulting, in this case, in a negative total net charge at the highest .voltage.
With the 3.15 mm rod, a series of up to 20 rcpeated impulses was applied, after initial cleaning. Scans taken after the first and second shots are shown in Figu.res 13a and 13b, respectively.
The total accumulated charge on the surface, over the 20 impulses is shown in Figure 14 . Accumulation of charge due to the second and subsequent impulses was small. A net positive charge of less than 5 nC remained on the sur- 
FLASHOVER
The 3.15 mm rod was used in a series of experiments at an impulse peak positive voltage of 85 kV, chosen since it was close to the threshold voltage for breakdown of both an 80 mm air gap and of the PTFE cylindrical surface between rod and plane, of the same length. First, 20 impulses were applied to the air gap with a time intemal of about 10 minutes between each impulse. No breakdown occurred and the corona data obtained followed similar trends to those discussed in the preceding Sections.
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The insulator was cleaned, and any residual charge removed by washing with alcohol and a total of 9 impulses then applied to the rod in succession, a scan being made after each impulse. No breakdown occurred during the first impulse, but all subsequent impulses caused a breakdown, some of which propagated outwards, clear of the surface, while others passed along the surface. The alternative paths appeared to occur at random. Figures 15, 16 and 17 show the photomultiplier signals and the corresponding charge density scans for the first (no breakdown), third (breakdown along surface) and seventh (breakdown away from surface) impulses, respectively. Where breakdown occurred, a very clearly defined region of insignificant charge density was shown, outside which, the ends of streamer trails could be distinguished. A plot of charge density, Figure 18 , taken horizontally across the density scan of Figure 17 shows the boundaries of the zero charge density region; narrow regions of net negative charge were deposited there.
It is important to note that in all the examples shown, the streamers reached the plane. The total net charge de-
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I posited in the first case ( Figure 15 ) was -4.4 nC. This is consistent with the trends noted earlier, where the total net charge tended to become negative at higher initiating voltages. Where flashover occurred, the total net charge was also negative, but smaller, of the order of a few tenths of nC.
Similar tests were also made with the rod displaced 5 mm horizontally in the air from the surface. Again the first impulse failed to cause a flashover. Subsequent impulses caused flashover with clearly defined boundaries to areas of approximately zero net charge density below the rod. The spark current followed a path away from the surface.
GEOMETRIC FIELD
The applied, Laplacian field was computed for an example case in which corona was produced at the insulator surface with the 3.15 m m rod, distant 80 mm from the plane. Results are shown in Figure 19 , where the per unit applied field distribution is shown; this is superimposed on a scan of the corona charge density. The instantaneous voltage at the rod in this case was 12.7 kV. Figure 19 shows that streamers propagated towards the plane into a region where the field was 7 X 12.1 kVm-' or 88.9 kVm-' and also to a region 40 mm horizontal distance from the rod where the resultant geometric field was less than 4 x 12.7 kVm-' or < 50.8 kVm-'.
DISCUSSION
CORONA CURRENT AND CHARGE
Principal trends in the results, common to the three rod electrodes, of diameter 1.06 mm, 3.15 mm and 6.4 mm are as follows:
1. Corona properties cannot readily be related to the instantaneous voltages owing to shot-to-shot variation in inception times. Nevertheless, a general increase in peak current, at a given voltage, was discernible when the insulator was present.
2. The presence of the insulator surface caused a more rapid decay in the current from the peak for all the rods used, than was the case in air.
3. The injected charge was, with all three rods, reduced for a given peak current, by the presence of the insulator.
This occurred in spite of the increase in peak current at a given voltage, and was a consequence of the rapid decay which the insulator induced.
4.
The net deposited charge measured over the surface was small compared with the injected corona charge.
5. Peak corona current in air, was registered when the initial velocities, measured over 20 mm from the rod tip by the photomultipliers, showed that streamers had progressed ahout 6 mm from the tip of the rod ( Figure Sa) . This distance was generally similar when the insulator was present.
6. The initial velocity of the streamers, showed ;i linear increase with the peak current both in air and in the presence of the insulator.
In air, the corona current had declined to a small value after about 200 ns while the presence of the insulator reduced this period to the order of 50-100 ns, with a much larger initial drop in the first 50 ns. Since ions would show negligible movement in this time, the registered current must be entirely due to electron movement and to the rate at which critical avalanches, which ensure replication of the streamer heads, develop.
Over a PTFE surface, propagation of streamers can occur only when the electric field exceeds -450 kV/m, where the velocity is of the order 2 x lo5 ms-' [ll. Streamers therefore terminate where the total field falls below this value. Figures 3 and 13 show streamers propagating as far as regions where the applied field is -100 kVm-'. The difference is made up by the space charge field of the streamers themselves, a fact that is known from direct measurements of corona space charge fields [7,81. Behind the streamer head, the positive ion density, recorded by the scans, is at first little affected by the electrons progressing into the trail, since their velocity is high and their initial rate of attachment is relatively low. After ahout 1 cm, however, the net density measured falls to a small value, evidently due to trapping of the electrons to form relatively immobile negative ions. The assumed velocity thus indicates an average lifetime of free electrons in the streamer trail of at least 50 ns.
For times of -20 ns at which peak current occurs, when the streamers have progressed small distances in the very high applied field near the tip of the rod, the trapping, due to attachment either to air molecules or to the surface, is less rapid. Photoemission of electrons from the PTFE occurs [3], shortening avalanches, and leading to high velocities. The free electron lifetime in this region is larger than it is near the ends of the streamer paths. Thus, the recorded current for these short times is due almost entirely to free electrons in avalanches and in the ends of streamer trails. The rapid reduction, after the peak, must therefore be due to attachment of electrons to the PTFE surface, an effect that is absent when the corona is induced in air alone. In the latter case, the free electron lifetime is longer at all stages of corona growth, giving rise to the broader peak and contrast in current oscillograms shown in Figure 5 .
The approximately linear dependence of the growth rate of corona with current, Figure 10 , can he compared with earlier results showing the velocity of streamers, in the absence of self space charge, which shows a dependence on electric field which is slightly faster than linear [l] . In the present case the linear increase in peak current with the instantaneous voltage at inception, in the case of the largest rod, Figure 9 , again suggests a nearly linear dependence upon applied field, with the self space charge field having small effect. With the two smallest rods, the results in Figures 9 and 10 are too erratic to demonstrate a trend.
It is noteworthy that the decay times of the light detected by the photomultipliers were generally similar for both the air and surface coronas. This does not give useful information ahout the surface processes, as the decaying light signal will be due mainly to the afterglow in the adjacent air.
SURFACE CHARGE DEPOSITION
The surface corona is characterised by:
1. A very large lateral spread into regions, to the opposite side of the cylindrical specimen, where the surface component of applied electric field is negligible.
2. The approximate neutrality of charge over large areas that have been covered by streamers during development.
3. The small magnitude of the net charge, integrated over the whole insulator surface, compared with the injected charge, obtained by integration of the measured current. 
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The existence of small areas of high negative charge density near the rod electrode.
The results 3 and 4 are consistent with deposition of charges by virtue of their thermal energy after streamer formation has occurred. The potential of the net surface charge must, after the first impulse, be equal to the random thermal energy of the positive ions, that is, about 0.034 eV at room temperature. While a form of "dynamic equilihrium'may exist through renewal of charge during a discharge the net charge density deposited could only change as the result of a change in the random energy of ions, which there is no reason to expect. Moreover, the net charge summed over the whole surface decreased, as a proportion of the total injected charge, as the latter increased, again indicating that deposition was determined by ionic thermal energy. Thus, the charge densities measured in this work are likely to'he the maxima that can be deposited by corona on an insulator.
The net negative charge region, result 3, detected only in the region near the rod electrode is likely to be caused by "back discharges" between deposited positive charge and the rod, occurring after the impulse voltage has declined. This bas been described by Merril and von Hippel The creation of surface charge was shown to increase the probability of breakdown (section 3.3). The net charge density over most of the insulator area has been shown to be small, so generating only small field distortions. It is thus difficult to link the higher breakdown probability to space charge fields over the general surface area. Individual densities of positive and negative charges close to the rod are relatively high (Figure 13h ) and it is likely therefore that these may be linked to the higher breakdown probabilities by virtue of the local high surface fields and associated supply of initiating ions. The breakdown process must start near the rod, where oscillograms show a period of continuous development of current and light emission for -Ips before breakdown. Further work is needed on the transition to breakdown.
CONCLUSION
study has been made of impulse corona propagation A over the surface of a PTFE insulator and the properties characterised. It has been shown that streamers spread widely over an insulator surface, into regions where the applied electric field is very low.
Comparison with air corona shows that the insulating surface causes an increase in peak corona current. This is associated with an increase in the velocity of propagation of streamers due, in turn, to photo-emission of electrons from the PTFE which shortens the formative time of critical avalanches feeding the streamers. Current during corona growth is interpreted entirely in terms of electron movement.
As the result of a higher rate of decay of current after the peak, the total charge injected into the corona decreases, compared with that in air.
Charge scanning measurements show that the total net charge deposited by corona on to the insulating surface is much less than the total charge injected from the rod. It is unlikely to lead to gross field distortion. Significant net positive charge occurs only near the ends of streamer paths and close to the rod after repeated discharges. The latter is likely to have the more significant influence on breakdown.
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